Sagebrush (Artemisia tridentata) ecosystems are declining due to biological invasions and changes in fire regimes. Understanding how ecosystem changes influence functionally important animals such as ecosystem engineers is essential to conserve ecological functions. American badgers (Taxidea taxus) are an apex predator and ecosystem engineer in that they redistribute large amounts of soil within sagebrush ecosystems. Piute ground squirrels (Urocitellus mollis) are also an ecosystem engineer as well as an essential prey resource for many predators, including badgers. Our research objective was to evaluate the relative importance of biological invasions and fire, abiotic factors, and biotic factors on badgers and ground squirrels. We sampled 163 1-ha plots during April-June across a gradient of burn histories within a 1962 km 2 study area in southern Idaho, USA. At each plot, we characterized occupancy of ground squirrels and badgers and relative abundance of ground squirrels. Additionally, we characterized soil texture, climate, connectivity and dispersal potential, fire frequency, grazing, and cover of many plant species including a highly invasive exotic annual grass (cheatgrass; Bromus tectorum). We used an integrated approach to evaluate competing hypotheses concerning factors influencing occupancy and abundance. Results suggested that occupancy of ground squirrels was positively associated with long-term precipitation, dispersal potential, and fine-grained soil. Abundance of ground squirrels was positively associated with fine-grained soil, but negatively associated with cheatgrass, fire frequency, agriculture, and shrub cover. Badger occupancy was positively associated with ground squirrel occupancy and agriculture, which indicated affinity to prey. Our results provide insight into the relative influence of abiotic and biotic factors on predator and prey, and highlight how effects change across different population parameters. Our research suggests that widespread environmental change within sagebrush ecosystems, especially the firecheatgrass cycle (e.g., invasion of cheatgrass and increased fire frequency) and human land disturbances, are directly and indirectly influencing ground squirrels and badgers. However, we also found evidence that efforts to mitigate these stressors, for example, establishing bunchgrasses postfire, may provide targeted conservation strategies that promote these species and thus preserve the burrowing and trophic functions they provide.
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IntroductIon
Drylands worldwide are experiencing unprecedented changes from shifts in climate, increases in land use, and biological invasions (e.g., Bestelmeyer et al. 2015 , Cook et al. 2015 , which have implications for animal populations and the ecological processes they mediate. For example, sagebrush ecosystems in western North America have been reduced to half of their historical range and are highly imperiled (Noss et al. 1995 , Knick et al. 2003 because of stressors such as human settlement, conifer encroachment, wildfire, and biological invasions (Davies et al. 2011 . A diversity of ecological processes are being lost as a consequence of such changes within dryland ecosystems. For instance, burrowing mammals provide essential ecological functions through trophic pathways and modifying physical attributes of ecosystems, yet many of these mammals are in steep decline due to stressors aforementioned (Davidson et al. 2012) . Evaluating how ecosystem stressors within drylands influence the distribution and abundance of burrowing animals will contribute to the development of effective management and conservation plans targeted at preserving ecosystem function (Davidson et al. 2012) .
Burrowing mammals influence ecological processes within sagebrush (Artemisia tridentata) ecosystems by modifying habitat (e.g., provide burrows) and filling important trophic roles. American badgers (Taxidea taxus; hereafter badger) and Piute ground squirrels (Urocitellus mollis; hereafter ground squirrel) are both ecosystem engineers in that they modify soil properties through digging activities and provide subterranean habitat for other species (sensu Jones et al. 1994 Jones et al. , 1997 Jones et al. , 2010 . Badgers excavate digs for resting and denning, and these digs are characterized by mounded soil at the entrance of the excavation. Badger digs influence landscape heterogeneity directly through changes in water infiltration processes, soil chemistry, and pH (Eldridge 2009, Eldridge and Whitford 2009) . Badger digs occur at densities up to 790 mounds/ha (Eldridge 2004) , providing abundant nesting habitat for species such as burrowing owls (Athene cunicularia; King and Belthoff 2001) . Ground squirrels are obligate burrowers that influence soil characteristics as well as patterns of water distribution and recharge (Laundré 1993) . Badger and ground squirrel activities directly and indirectly provide habitat to numerous nonburrowing organisms, like other mammals, reptiles, and amphibians (mechanisms in Kinlaw 1999 , Davidson et al. 2012 , Kinlaw and Grasmueck 2012 . Moreover, badgers are apex predators in grasslands and shrublands, influencing ecosystems through changes in prey density and behavior (e.g., Estes et al. 2011) . Ground squirrels are a common prey item for many species, including raptors, snakes, and mammalian carnivores (Messick and Hornocker 1981, Marti et al. 1993) . Indeed, badgers and ground squirrels provide essential trophic and nontrophic functions within sagebrush ecosystems, and therefore understanding how ecosystem stressors influence their populations is important for long-term conservation.
Understanding the relative effects of ecosystem stressors on animals across landscapes is difficult without a framework that evaluates both broad and local parameters such as distribution and abundance. Species distributions are often evaluated using broad-scale abiotic gradients such as temperature, precipitation, or soil characteristics (e.g., Thuiller et al. 2004, Guisan and Thuiller 2005) . Indeed, considerable evidence suggests that such abiotic factors strongly influence or limit species distributions (Wiens 2011) . However, ecological systems are complex networks of biotic and abiotic interactions, many of which contribute to structuring species distributions (e.g., Connell 1961 , Pulliam 2000 , Jackson et al. 2001 , Soberón 2007 , McGill 2010 , Fisher et al. 2012 , Wisz et al. 2013 ). Furthermore, species abundances are likely driven by different, and perhaps more local processes relative to those driving patterns of species distributions. Boulangeat et al. (2012) documented that accessibility or dispersal limitation was more influential in describing plant distributions, whereas biotic interactions explained plant abundances. Abiotic factors such as climate and soil were important for both distribution and abundance (Boulangeat et al. 2012) . Many biotic and abiotic factors interact to influence species distributions and abundances, and the strengths of these interactions are linked with scale (Wiens 1989 , Guisan and Thuiller 2005 , Soberón 2007 , McGill 2010 . Therefore, an integrated analytical approach that incorporates both distribution and abundance will likely result in a more comprehensive understanding of how ecosystem v www.esajournals.org HOLBROOK ET AL. stressors and other ecological factors influence animal populations (e.g., Boulangeat et al. 2012, Ehrlén and Morris 2015) .
The main ecosystem stressor in lower elevation sagebrush ecosystems (e.g., A. t. wyomingensis) is the fire-cheatgrass cycle, which describes a synergistic relationship between biological invasions by exotic annual grasses such as cheatgrass (Bromus tectorum) and changing fire regimes . Cheatgrass dominates ≥40 000 km 2 of the 650,000 km 2 land area of the Great Basin Desert (Bradley and Mustard 2008) . Cheatgrass invasion has changed fire regimes resulting in shorter fire return intervals, larger area burned, and increased probability of fire (Balch et al. 2013 ). Furthermore, climate projections suggest greater precipitation variability and potential for drought (Abatzoglou and Kolden 2011, Cook et al. 2015) , leading to increased expansion of exotic annual grasses and continued changes in fire. The fire-cheatgrass cycle presents wildlife managers with significant conservation challenges that are spatially extensive.
Our research objective was to evaluate the relative influence of the fire-cheatgrass cycle, abiotic factors, and biotic factors on occupancy and abundance of badgers and ground squirrels within a sagebrush ecosystem. Our hypotheses reflect the relative scale of abiotic and biotic gradients influencing occupancy and abundance (Guisan and Thuiller 2005, Soberón 2007, Fig. 1) . For example, local-scale, biotic factors were expected to drive abundance of ground squirrels, whereas largerscale abiotic factors were expected to influence occupancy patterns of ground squirrels. Because of the strong association between badgers and ground squirrels as predator and prey (e.g., Messick and Hornocker 1981), we expected prey distribution and abundance (i.e., local biotic factors) to influence occupancy of badgers. We separated the components of our hypotheses into abiotic and biotic themes (e.g., Guisan and Thuiller 2005, Hirzel and Le Lay 2008) . We included soil, climate, and disturbance (i.e., fire) as our abiotic factors. We included landscape, dispersal, disturbance (i.e., grazing), predation, prey, and forage as our biotic factors. Embedded within disturbance and forage is the fire-cheatgrass cycle (asterisks in Fig. 1) ; that is, changes in fire regimes and invasion of cheatgrass. We hypothesized (H1) that broader-scale abiotic gradients and dispersal potential would largely influence occupancy of ground squirrels. We predicted that soil, climate, and dispersal potential would be the strongest drivers of ground squirrel occupancy because they are important for burrow construction, forage, and site accessibility ( Fig. 1a ). We hypothesized (H2) that biotic factors (via bottom-up processes) would largely influence occupancy of badgers in that we expected a positive association with ground squirrels (e.g., Messick and Hornocker 1981, Grassel et al. 2015) Fig. 1. Hypothesized strength of effect across biotic and abiotic themes for occupancy of Piute ground squirrels (Urocitellus mollis) and American badgers (Taxidea taxus) and abundance of ground squirrels. Abiotic themes include soil, climate, and disturbance (i.e., fire), whereas biotic themes include landscape, dispersal, disturbance (i.e., grazing), predation, prey, and forage. Asterisks indicate an ecosystem stressor (i.e., biological invasions and fire) is embedded within the theme. See Appendix S2: Tables S1-S3 for specific variables within biotic and abiotic themes.
v www.esajournals.org HOLBROOK ET AL. and human disturbance (i.e., irrigated agriculture; Fig. 1b ). Additional and temporally consistent precipitation in the form of irrigation has created resource hotspots in other desert environments (Faeth et al. 2005, Cook and Faeth 2006) , and may increase biomass and population stability of alternative prey for badgers. Finally, we hypothesized (H3) biotic and disturbance factors, including forage, biological invasions, and fire history, would be the most influential on ground squirrel abundance given their high densities and nutritional demands (i.e., bottom-up forcing, Van Horne et al. 1997a, Fig. 1c ). Collectively, this work (1) highlights how the fire-cheatgrass cycle within sagebrush ecosystems influences a predator-prey system at the landscape level, and (2) implicates restoration actions that could be used to conserve the functions provided by burrowing mammals in a rapidly changing environment.
Methods

Study area and sampling
This study was conducted on the Morley Nelson Snake River Birds of Prey National Conservation Area (BOP; Fig. 2 ) in southwestern Idaho, USA (Latitude: 43.28, Longitude: 116.20) , which is a 1962 km 2 sagebrush-steppe ecosystem that is managed under a multiple-use framework by the U.S. Bureau of Land Management. This arid shrubland receives approximately 110-320 mm of precipitation annually, most falling between November and April. The elevation gradient (900-950 m) and topography are modest with the exception of the Snake River canyon and a few isolated buttes. The dominant plant communities have largely been shaped by increasing fires since 1980 (Kochert and Pellant 1986) , and include Wyoming big sagebrush (A. t. wyomingensis), winterfat (Krascheninnikovia lanata), shadscale saltbrush (Atriplex confertifolia), cheatgrass, and Sandberg bluegrass (Poa secunda). Ground squirrel and badger densities are variable across the BOP, with some areas exhibiting exceptionally high densities (Messick and Hornocker 1981, Van Horne et al. 1997a, b) . The Snake River canyon in the BOP provides nesting habitat for one of the most abundant and diverse assemblages of raptors world-wide (Olendorff and Kochert 1977) , which primarily forage on small mammals including ground squirrels, further highlighting the importance of ground squirrel conservation (Marti et al. 1993) .
To sample a gradient of native and non-native plant communities, we first delineated three strata: (1) areas that were previously burned and seeded (via aerial or drill methods) with native and non-native perennial plants (i.e., treated);
(2) areas that were burned and not seeded (i.e., burned); and (3) areas that have not burned for at least the last ~30 yr (i.e., unburned). We then randomly allocated 1-ha plots within each strata. We created strata in a geographic information system (GIS) by mapping the distribution (and overlap) of dominant vegetation types, fires, and seeding treatments using the Land Treatment Digital Library (Pilliod and Welty 2013; http://dx-.doi.org/10.3133/ds806). Seeding treatments were conducted by the U.S. Bureau of Land Management, the vast majority of which were postfire seeding of burned areas.
Badger and ground squirrel surveys
At each 1-ha plot, we surveyed for badger digs and ground squirrel burrows during April -early June 2013 and 2014 to characterize badger and ground squirrel occupancy, and ground squirrel abundance. We indexed ground squirrel abundance based on counts of recently active burrows. Sign of digging activity has been successfully used to determine occupancy and abundance of many burrowing species (e.g., Bean et al. 2012 , Lara-Romero et al. 2012 , Ramesh et al. 2013 ). Our sampling period followed the emergence of all ages of ground squirrels (i.e., young of the year and adults) and mostly preceded estivation (Rickart 1987 , Van Horne et al. 1997a , thus capturing a reasonable representation of population activity and relative abundance. Our sampling of ground squirrel burrows was informed based on previous limitations found by Van Horne et al. (1997b) in that we changed our sampling to coincide with peak activity of ground squirrels and focused on recently active burrows.
We enumerated recently active burrows for ground squirrels within three 100 × 4 m belttransects spaced 25 m apart (Appendix S1: Fig. S1 ). We selected a three transect design based on a balance of statistical precision and sampling effort (see Holbrook et al. 2015) . We classified a burrow as recently active if (1) the entrance was approximately 6-12 cm wide (Laundré 1989 ) and had ≥ 2-3 mm of fine soil at the burrow opening (Yensen et al. 1992) , (2) the burrow was >5 cm deep (Appendix S1: Fig. S2B ), and (3) the entrance did not have characteristic sign of kangaroo rats (Dipodomys spp.) such as tail drags (Van Horne et al. 1997b) . Previous analyses indicated high correlation among observers for counts of ground squirrel burrows (Holbrook et al. 2015) , thus we used counts from a single observer. Because of the potential issue of false positives at low densities due to classification (e.g., recent vs. old) errors, we conservatively set >3 burrows equal to occupied, and ≤3 equal to unoccupied. This decision was supported by visual and auditory encounters of ground squirrels at study plots. Plots with counts >3 recent burrows were included in our analyses of ground squirrel abundance. Finally, we resampled 30 plots in 2014 that we had surveyed in 2013, and assessed inter-annual variation in ground squirrel abundance using linear correlations.
We characterized badger occupancy by counting recently dug burrows or foraging digs within the three belt-transects, as well as the area between transects (Appendix S1: Fig. S1 ). We chose to survey the entire 1-ha area to increase the probability of detection because badgers use larger areas relative to ground squirrels. These additional surveys did not largely affect sampling effort because digs are conspicuous and easily detected at distances ≤10-15 m. We classified a dig as recent if (1) the entrance was circular and approximately 16-30 cm in diameter, (2) it was ≥25 cm deep, and (3) the mound of soil outside the entrance was fan-shaped (Appendix S1: Fig. S2A ; Eldridge 2004 , Lay 2008 . Additionally, we evaluated if the mound had loose or crusted soil, cracks in the soil, or colonized vegetation; crusted and cracked soil is common after a combination of rain, wind, and sun exposure. If we observed substantial crust, cracks, or colonized vegetation we did not count the dig. We considered a plot to be occupied by badgers if ≥1 recent dig was recorded.
Environmental data
Abiotic and biotic factors.-We characterized abiotic metrics of climate and soil texture using GIS. First, we retrieved climate data (mean annual precipitation and annual temperature) v www.esajournals.org HOLBROOK ET AL. from the Parameter-elevation Regressions on Independent Slopes Model (PRISM Climate Group, Oregon State University 2004) during 1979-2008. We expected ground squirrels to be positively associated with mean annual precipitation, assuming generally wetter areas produce more consistent forage over time (Yensen et al. 1992 ). We did not expect badgers to exhibit strong associations with climate data; rather we expected climate to indirectly influence badgers through prey resources (e.g., Silva et al. 2013 , Hebblewhite et al. 2014 ). Second, we developed an abiotic soil index describing soil texture using STATSGO (Soil Survey Staff, Natural Resources Conservation Service) data to understand how soil influenced occupancy and abundance (Appendix S2: Table S1-S3). We identified the STATSGO map key at each plot, and averaged (across up to 10 soil names) the proportion of soil passing through a number 4 sieve at the first soil depth. This resulted in an index with larger numbers indicating finergrained soils, and low numbers indicating relatively coarse-grained soils. We expected ground squirrels and badgers to be associated with finer-grained soils because coarse-grained soils (1) do not retain soil moisture as well as fine-grained soils, and (2) are less structurally sound for burrow construction due to the noncohesive nature of sand particles (Lohr et al. 2013) .
We characterized biotic components of the landscape to assess the effect of connectivity and context on ground squirrels and badgers, respectively (Appendix S2: Tables S1-S3). We acquired Landfire Existing Vegetation Type data (LAND-FIRE 2012), and used a two-step process to reclassify the data to our desired types (Appendix S2: Table S4 ): shrubland, grassland, and human disturbance (i.e., mostly agriculture lands, but included a few highways). For each plot, we calculated the proportion of the surrounding landscape that consisted of each type. We used a circular area of 0.79 km 2 for ground squirrels to coincide with average dispersal distances of juveniles (~500 m; Olsen and Van Horne 1998), and an area of 2.40 km 2 for badgers, which represented an average home range for males (Messick and Hornocker 1981) . We expected a negative effect of shrubland on ground squirrel occupancy and abundance because previous work indicated that high canopy shrublands can make squirrels more vulnerable to predation (Schooley et al. 1996) , which might limit populations. We expected ground squirrels to be negatively associated with the human disturbance because of potential predation and/or competition from other animals attracted to irrigated agricultural (e.g., Faeth et al. 2005) ; both processes could reduce occupancy or abundance. We expected badgers to be negatively associated with shrublands and positively associated with human disturbance because of ground squirrel presence or abundance (which is a substantial prey item; Messick and Hornocker 1981) and the additional food resources (i.e., other small mammals, reptiles, insects; Messick and Hornocker 1981) associated with irrigated agriculture, respectively.
We calculated a dispersal index to evaluate how accessibility influences ground squirrel occupancy and abundance (Appendix S2: Tables S1 and S3). To generate this index, we identified the nearest neighboring plot (from a focal plot) and divided the neighbor's relative abundance by the distance (m) to characterize the dispersal potential (similar in concept to Boulangeat et al. 2012) . Focal plots with larger values indicate higher relative abundances as well as shorter distances to the neighbor, and consequently higher accessibility than plots with lower index values. We expected ground squirrel occupancy to be largely driven by accessibility because it is essential for site occupancy (Boulangeat et al. 2012) . We also expected ground squirrel abundance to be positively associated with accessibility, but to a lesser degree than occupancy because abundance is driven by more locallevel processes such as bottom-up mechanisms. Incorporating accessibility when modeling occupancy or abundance of species across landscapes has recently been shown to be important, and provides a more realistic assessment of the relative effects of abiotic and biotic factors (Miller and Holloway 2015).
We characterized vegetation at each plot to evaluate the influence of forage and cover resources on ground squirrel occupancy and abundance (Appendix S2: Tables S1 and S3). At each plot, we sampled the vegetation community at nine locations (points 1-9 in Appendix S1: from a height of 2 m that captured an area of 1.5 × 2 m of ground surface (see Pilliod and Arkle 2013) . We quantified percent cover by plant species using SamplePoint 1.43 software (Booth et al. 2006 ) at 100 computer-selected grid points on each image, and we averaged proportions across the nine points to get plot-level estimates. We further refined vegetation data into functional groups (Appendix S3: Table S1 ) that we hypothesized would influence ground squirrel occupancy or abundance through bottom-up mechanisms. Consistent with previous work on ground squirrels (e.g., Van Horne et al. 1998 , Lohr et al. 2013 , we expected a strong and positive relationship with cover of Sandberg bluegrass (POSE), and a positive relationship with total species richness, non-POSE native perennial grasses (NPG), exotic (i.e., planted via restoration) perennial grasses (EPG), and native forbs (NF). In our ground squirrel occupancy analysis, we only included a few vegetation groups (i.e., POSE, EPG, and total species richness) because we expected the more abundant functional groups to influence occupancy. Finally, we generated a functional group describing sagebrush (Artemisia spp.) and total shrub cover (Appendix S3: Table S1 ). We expected shrub cover to increase mortality from predation through visual and locomotive obstruction for ground squirrels (Schooley et al. 1996) . Therefore, we expected a negative relationship between plotlevel shrub cover and occupancy and abundance of ground squirrels.
We developed two biotic covariates characterizing food resources for badgers (Appendix S2: Table S2 ). We included occupancy and relative abundance of ground squirrels at the plot-level. We expected badgers to be positively associated with ground squirrels through bottom-up mechanisms (Messick and Hornocker 1981) , but it was unclear whether squirrel occupancy or abundance would drive badger occupancy.
Lastly, we calculated a biotic index of grazing and an additional predation index to evaluate the effect of disturbance via herbivore competition and predation on ground squirrels ( Appendix S2: Tables S1 and S3). At each of the nine points within the plot (Appendix S1: Fig.  S1 ), we used a point-quarter method to quantify the density of ungulate (e.g., domestic sheep and cows, deer, and pronghorn) pellets. We sampled four quadrants (NW, NE, SE, and NW) within a 12.5 m search radius and recorded the distance to nearest pellet pile of any species. We estimated density of pellets at each point as:
for the closet pellet pile in each of the four quadrants, and x = mean of the distances. Given the low intensities of grazing we observed, we expected the influence on ground squirrel abundance to be negligible. To generate a plotlevel estimate of predation potential associated with badgers, we characterized badger intensity of use (in a spatial sense) as the total number of recent digs per plot. We expected a positive or insignificant relationship between badger intensity of use and ground squirrel occupancy and abundance because we hypothesized bottom-up processes were a stronger and more consistent driver of ground squirrel density relative to predation pressures (e.g., Yensen et al. 1992, Hubbs and Boonstra 1997) . A negative effect of badger intensity of use on ground squirrel abundance would suggest a top-down effect.
Ecosystem stressors: the fire-cheatgrass cycle.-We used GIS and field data to characterize the firecheatgrass cycle within the sagebrush ecosystem (Appendix S2: Tables S1-S3 ). First, we developed a raster of fire disturbance characterizing frequency from 1957 to 2013 using a GIS fire perimeter database developed by the U.S. Geological Survey (used in Balch et al. 2013 , http://rmgsc.cr.usgs.gov/outgoing/Geomac/ historic_fire_data); 94% of these data were from ≥1981, with only seven observations prior to 1981. We expected ground squirrels to be negatively associated with fire frequency because of negative effects to forage, or potentially direct effects of the fire with repeat burning. We anticipated that the effect of fires on badgers would be weak and mostly mediated through ground squirrels. We expected weak direct effects of fires on badgers because larger predators such as badgers have relatively high movement potential (e.g., Messick and Hornocker 1981) and can simply relocate to areas unaffected by fires. Next, we used the vegetation community data to characterize plotlevel estimates of cheatgrass (BRTE) as well as exotic forbs (EF) and non-BRTE exotic annual grasses (EAG). We expected a strong negative relationship between cheatgrass and ground squirrel occupancy and abundance because v www.esajournals.org HOLBROOK ET AL. cheatgrass biomass is annually variable and does not support high densities of ground squirrels in drought years (Yensen et al. 1992 , Lohr et al. 2013 . Our data were collected from years with below average annual precipitation in the preceding year (i.e., 96 and 114 mm for 2012 and 2013, respectively). Similarly, we expected a negative relationship between squirrel abundance and exotic forbs and non-BRTE exotic annual grasses. We could not identify any direct effects of biological invasions on badgers, thus we did not include these metrics in models of badger occupancy. We expected ground squirrels to mediate the effect of biological invasions on badgers through bottom-up processes.
Data analysis
Prior to model development and analysis, we standardized covariates and assessed multicollinearity. We standardized nonbinary covariates by (x i −x)∕(2 × σ) where x i equals an observation at plot i. This standardization allowed for an equal comparison among nonbinary and binary variables (Gelman 2008) . We then evaluated collinearity among covariates and removed variables with |r| ≥ 0.60 that were associated with the same response variable (Appendix S2: Tables  S1-S3 ). Therefore, we eliminated annual temperature, percent area grassland, and sagebrush cover at the plot-level.
We modeled occupancy of ground squirrels and badgers, and relative abundance of ground squirrels using generalized linear models with binomial and negative binomial error distributions, respectively. We used a Bayesian form of logistic regression ) for our ground squirrel occupancy models because of quasi-complete separation between ground squirrel occupancy and our dispersal index resulting in nonidentifiability of the maximum likelihood estimate. Following Gelman et al. (2008) , we used a weakly informative Cauchy prior distribution with a center of 0 and scale of 2.5. In contrast, we evaluated badger occupancy using maximum likelihood estimation. Finally, we used a maximum likelihood approach with a negative binomial error distribution for analyses of ground squirrel abundance.
For each response variable, we developed a candidate set of models that reflected individual hypotheses along our themes of abiotic and biotic factors and ecosystem stressors (see Fig. 1 ). We also included a binary season effect for ground squirrel abundance following results from Van Horne et al. (1997b) indicating a decline in the number of active burrows after June 1. We were primarily interested in main effects, therefore we did not include interactions or nonlinear terms. We implemented model selection using the Bayesian information criterion (BIC) for ground squirrel occupancy and Akaike's information criterion (adjusted for small sample size) for ground squirrel abundance and badger occupancy (AIC c ; Burnham and Anderson 2002) . We interpreted the model with the smallest BIC or AIC c as the top model when there was clear separation from the candidate set (i.e., ΔBIC or ΔAIC c for the second model was >2; Burnham and Anderson 2002) . However, when there was ambiguity (e.g., multiple models exhibiting a ΔBIC or ΔAIC c ≤ 2-7; Burnham and Anderson 2002) , we identified the 95% confidence set of models. We reported parameter estimates (±90% credible or confidence intervals) from our top model, and our 95% confidence set using the natural averaging technique (i.e., averaging only included values where the parameter appeared; Anderson 2002, Gruber et al. 2011) . For themes with more than one covariate, we used model selection within theme to select the most parsimonious model (simplest model with ΔBIC or ΔAIC c ≤ 2 was selected) for combining themes. We developed combined hypotheses beginning from the hypothesized strong effects and progressing to weak effects (Fig. 1) . For example, we evaluated whether soil, climate, or dispersal were a supported hypothesis for patterns in ground squirrel occupancy. We then combined soil and climate for a subsequent hypothesis, as well as soil, climate, and dispersal, but we did not include a soil and dispersal hypothesis.
For each model evaluated, we assessed model fit or discriminative performance. For the generalized models with binomial error distributions, we tested goodness of fit (Hosmer and Lemeshow 2000) and assessed discriminative performance by calculating the area under the curve (AUC) of a receiver operating characteristic (ROC; Robin et al. 2011) . A ROC plot characterizes true positives (e.g., sensitivity or omission error) against v www.esajournals.org HOLBROOK ET AL. false positives (e.g., 1 -specificity or commission error) as the threshold for classification changes (Robin et al. 2011) . The AUC ranges from 0 to 1 and provides a measure of the model's ability to correctly discriminate between plots that are occupied versus unoccupied; values greater than 0.5 indicate progressively better discrimination ability (Hosmer and Lemeshow 2000) . For models with negative binomial error distributions, we computed the Spearman's rank correlation coefficient between the observed and predicted counts, which provided a measure of fit. To complete these analyses, we used program R (R Core Team 2015) and packages 'MuMIn' (Barton 2015) , 'arm' (Gelman and Su 2014) , 'MASS' (Venables and Ripley 2002) , 'ResourceSelection' (Lele et al. 2014) , and 'pROC' (Robin et al. 2011) .
Throughout our modeling, we assessed the importance of management relevant factors with the goal of providing management implications. For example, managers cannot reasonably manipulate some factors such as climate, soil, or distribution of agricultural lands across large spatial extents. However, they can manipulate factors such as vegetation cover or composition before or after fire. Therefore, if we documented a positive effect of a plant species, for instance, we would evaluate if field-derived classifications of burned (i.e., areas with mostly cheatgrass), treated (i.e., areas with regularly spaced NPG or EPG), or unburned (i.e., shrubs present) plots affected our animal response of interest.
results
We enumerated 0-109 recent ground squirrel burrows within each plot, and 0-21 recent badger digs. The proportion of plots occupied by badgers was 48% compared to 75% for ground squirrels. We sampled 134 1-ha plots for analyses of ground squirrel occupancy and vegetation data and 163 plots for badger occupancy. Of the 134 plots in which we collected vegetation and animal data, 51 plots had vegetation data from the previous year (e.g., vegetation and animal data from 2012 to 2013, respectively). The remaining 83 plots had vegetation and animal data temporally coincident. We did not observe large changes in vegetation cover within plots across 2012-2014. The sample size for ground squirrel abundance analyses was 101 plots because only those plots were classified as occupied. The Pearson's correlation between years (2013 and 2014) for ground squirrel relative abundance was high (r = 0.90, n = 30) indicating annual stability in relative abundance, and therefore we did not treat year as a fixed or random effect.
Occupancy
Patterns of ground squirrel occupancy were most strongly influenced by a combination of soil, climate, and dispersal. The model representing this hypothesis was best supported (i.e., w i = 0.80), and all other models exhibited a ΔBIC > 2.88 indicating relatively weak support (Table 1 ). The goodness of fit test indicated appropriate fit of our top model (Χ 2 = 4.43, df = 8, P = 0.82). Discriminative performance of models indicated excellent fit (i.e., AUC ≥ 0.95) for 5 models, and all of those models included the dispersal index (Table 1 ). All parameter estimates were positive, indicating a positive effect of soil, precipitation, and dispersal, although the credible interval for soil slightly overlapped 0 (Fig. 3) . Parameter estimates indicated a greater relative effect of dispersal on occupancy (compared to the other effects), however, there was substantial variation around the estimates. The influence of precipitation was greater than the effect of soil.
Multiple hypotheses characterizing badger occupancy were supported by our analyses. Six models had ΔAIC c < 6 (w i = 0.03-0.53), and two models had ΔAIC c values <2 (Table 2) . Our 95% confidence set of models contained the top four models (Table 2) , which had 2-5 parameters including; ground squirrel occupancy, percent of landscape that was altered by humans, fire frequency, and soil texture. The goodness of fit test indicated appropriate fit of our top model (Χ 2 = 4.97, df = 8, P = 0.76). Discriminative performance of our top 4 models suggested comparatively weak fit (i.e., AUC = 0.64-0.68). However, all models with an AUC ≥ 0.64 included ground squirrel occupancy or relative abundance (Table 2). Parameter estimates from the top model and model averaged values for ground squirrel occupancy and human disturbance were similar, positive, and differed from 0 ( Fig. 4) , however, the effect of ground squirrel occupancy on badger occupancy was higher than that of human v www.esajournals.org HOLBROOK ET AL. disturbance. The model averaged effect of soil and fire frequency did not differ significantly from 0.
Abundance
Multiple hypotheses were supported in terms of characterizing ground squirrel abundance. Four models had ΔAIC c < 4 (w i = 0.07-0.51), and two models were within ΔAIC c < 2 (Table 3) . Our 95% confidence set of models contained the top three models (Table 3) , which had 10-12 parameters including: season, plot-level cover of cheatgrass, percent of landscape that was shrubland and human disturbance, dispersal index, fire frequency, grazing index, plot-level cover of shrubs, precipitation, and soil texture. Model fit, as measured by Spearman's rank correlations, was moderate (ρ = 0.69) for our top four models (ΔAIC c < 4), while all other models were less predictive (ρ ≤ 0.52). Top model and model averaged parameter estimates and confidence intervals were similar (Fig. 5 ). We observed a significantly positive effect of soil, and a moderately positive effect of dispersal potential (although the model averaged estimate was insignificant). The effects of precipitation, grazing, and percent of landscape that was shrubland were statistically insignificant (i.e., overlapped 0). However, effects of cheatgrass cover, fire frequency, and plot-level shrub cover were all significantly negative; cheatgrass and shrub cover were qualitatively stronger than fire frequency.
Given the significant and negative effect of cheatgrass and shrub cover on ground squirrel abundance, and the potential to implement management actions on these features, we investigated the influence of treatment history. Not surprisingly, burned plots had the lowest shrub cover and the highest cheatgrass cover (Fig. 6a ). Successfully treated plots (i.e., burned and seeded) had less cheatgrass and more shrub cover than burned plots, but unburned plots had the lowest cheatgrass cover and the highest shrub cover (Fig. 6a ). Coupling these patterns and our modeling results, we would expect ground squirrel abundance to be highest in treated plots. Estimates of ground squirrel abundance strongly supported this expectation (Fig. 6b) . Unburned plots had a higher point estimate of ground squirrel abundance compared to burned plots, but the effect was not statistically different.
dIscussIon
A central objective in ecology is to evaluate the interactions that determine the distribution and abundance of organisms (Andrewartha and Birch 1954 , Krebs 1972 , Agrawal et al. 2007 . Addressing this objective is particularly important for conservation efforts when ecosystems are experiencing significant alterations, such as the sagebrush ecosystem (Davies et al. 2011 ).
However, understanding the processes that drive occupancy and abundance patterns requires an integrated framework. Our work assessed how biotic and abiotic drivers as well as ecosystem stressors influence the occupancy and abundance of two burrowing mammals that serve important functional roles within sagebrush ecosystems (e.g., ecosystem engineers, and predator and prey). First, patterns of ground squirrel occupancy were best explained by longterm precipitation, dispersal potential, and soil texture. Second, abundance of ground squirrels was best explained by soil texture, shrub cover, agriculture, and biological invasions and fire. Finally, badger occupancy was most influenced by prey availability in the form of ground squirrels and alternative prey near humans (i.e., irrigated agriculture). Our results support the notion that broader-scale occupancy patterns (e.g., ground squirrels) are associated with abiotic factors and dispersal limitation for a small herbivore, but biotic factors explain variation in occupancy of a predator. Local-level variation in abundance of a small herbivore, however, was driven by a combination of biotic and abiotic factors. By directly integrating multiple factors hypothesized to influence the distribution and abundance of predator and prey, our work provided important insight needed for developing conservation plans that maintain the ecological functions of these animals within changing sagebrush landscapes.
Effects of abiotic and biotic factors
Our results were consistent with our theoretical hypothesis that dispersal potential and abiotic factors would shape patterns of ground squirrel occupancy. First, we expected a positive effect of dispersal potential or accessibility on ground squirrel occupancy because, in order for a site to be occupied it is required to be accessible (Soberón 2007) . The effect of dispersal was (qualitatively) the highest we observed (Fig. 3) , and the discriminative ability of our dispersal index (AUC of dispersal index only was 0.98) suggests that occupancy patterns for ground squirrels were largely determined by accessibility. Weddell (1991) reported a similar pattern in that the probability of occupancy of Columbian ground squirrels (Urocitellus columbianus) declined with distance to nearest source population. Second, we expected and observed a positive effect of finer-grained soils relative to coarse-grained soils because finer-grained soils are more structurally sound and tend to retain soil moisture more effectively than coarsegrained soils. These characteristics have implications for burrow construction and plant productivity later in the growing season (Lohr et al. 2013) . Lohr et al. (2013) found a positive effect of finer-grained soils on southern Idaho ground squirrels (Urocitellus endemicus) supporting the hypothesis that fine-grained soils are important for ground squirrels. Finally, we expected long-term precipitation (i.e., climate) patterns to be positively associated with ground squirrel occupancy through the mechanism of temporally consistent food. The effect of precipitation was positive and as strong as dispersal potential (Fig. 3) , indicating occupancy of ground squirrels is highly associated with precipitation. Food supplementation experiments have highlighted the positive demographic responses in reproduction, survival, and immigration rates in Columbian ground squirrels (Dobson and Kjelgaard 1985) and Arctic ground squirrels (Spermophilus parryii; Hubbs and Boonstra 1997) . The strong effect of precipitation may indicate that temporally consistent forage results in fitness characteristics that sustain site occupancy. Because precipitation strongly influenced occupancy, changes in long-term patterns of precipitation, such as increased drought conditions in the Great Basin Desert (e.g., Cook et al. 2015) , could negatively influence the distribution of ground squirrels. Together, it appears that higher precipitation and finer-grained soils promote habitats that generate site occupancy of ground squirrels, however, this is conditional on the areas being accessible to dispersers from source populations.
As hypothesized, occupancy of ground squirrels exhibited the strongest effect on badger occupancy, and our model with only ground squirrel abundance had the highest discriminative ability (AUC = 0.70). Badgers in our study area appeared to make choices about space use based on the distribution and abundance of ground squirrels. Indeed, across their range, occupancy and habitat selection by badgers is strongly associated with abundance and distribution of burrowing prey (Goodrich and Buskirk 1998 , Bylo et al. 2014 , Grassel et al. 2015 . Recently, Harris et al. (2014) provided evidence that abundance of plateau pika (Ochotona curzoniae) was the best predictor of occupancy of the Tibetan Fox (Vulpes ferrilata). Silva et al. (2013) also highlighted that the presence and diversity of prey was positively associated with occupancy of the European wildcat (Felis silvestris silvestris). When the interaction strength between a predator and prey is strong, either due to behavioral or evolutionary adaptations, a reasonable deduction is that the distribution or abundance of prey drives the distribution and abundance of the predator. Under these v www.esajournals.org HOLBROOK ET AL. constraints, we might expect biotic processes to be the strongest predictor of occupancy and abundance, and that abiotic gradients are mediated through interactions affecting prey. This hypothesis is consistent with our badger occupancy results, and should be considered when evaluating the relative contribution of biotic and abiotic factors on predator distributions and abundances across landscapes.
In addition to the ground squirrel effects, we documented a positive effect of human disturbance (i.e., mostly agriculture) on badger occupancy. Human activities such as irrigated agriculture can provide additional and temporally consistent resources for some species (e.g., Faeth et al. 2005 , Cook and Faeth 2006 , Morelli et al. 2012 , Oro et al. 2013 , perhaps including alternative prey for badgers (insects, reptiles, or other small mammals; Messick and Hornocker 1981) . Thus, badgers might select areas such as the edges of irrigated fields that provide abundant alternative prey, particularly in drought years such as in our study. This hypothesis is consistent with our results, but additional work is needed to evaluate the mechanisms underlying the positive relationship between humans and badgers.
In contrast to the occupancy results, we identified some inconsistencies between predicted and observed patterns of ground squirrel abundance. We did not predict that soil texture would strongly influence ground squirrel abundance. However, soil texture was the only statistically positive relationship we observed, suggesting that abundance increases as soils become finer in texture (within the gradient we sampled). Retaining soil moisture and providing structurally sound burrows likely mediates the relationship between ground squirrel abundance and soil texture. Furthermore, we did not expect shrub cover to exhibit nearly the strongest negative effect on ground squirrel abundance. We predicted that plot-level shrub cover would increase mortality associated with aerial predation through visual and locomotive obstruction (Schooley et al. 1996) , however, we expected that bottom-up forces would more strongly influence the abundance of ground squirrels (e.g., Hubbs and Boonstra 1997) . A strong negative effect of shrub cover may indicate that local areas dominated by shrubs are exposed to stronger predation pressure limiting ground squirrel abundance relative to areas without shrubs, or that shrub cover negatively affected nutrient availability to ground squirrels. Assessing the strength of top-down and bottomup forcing on ground squirrels as a function of shrub cover would be insightful.
Despite these inconsistencies, expectations about the negative effects of human disturbance on ground squirrel abundance were supported by the data. Human disturbance (i.e., mostly irrigated agriculture) might be negative for ground squirrels because of human subsidies increasing the biomass of other small mammals through numerical responses ultimately increasing interspecific competition (e.g., Oro et al. 2013 ). Alternatively, the increase in prey resources could increase predator activity or abundance and lead to a stronger top-down effect in areas near irrigated agriculture (e.g., predation-mediated apparent competition; Norbury 2001). This seems particularly plausible given the abundant assemblage of birds of prey within our study region and that perch sites are associated with human developments, both of which could facilitate an increase in kill rates (i.e., number of prey killed per predator) for avian predators. Faeth et al. (2005) highlighted instances where insect abundance increased with human subsidies and that predation pressure from birds on insects was increased as well. If agricultural areas are acting as resource subsidies (particularly in drought years), biotic interactions such as predation or competition from other small mammals could contribute to the negative association between ground squirrel abundance and human disturbance; however, these mechanisms require testing.
The effect size of explanatory variables differed between ground squirrel occupancy and abundance results, emphasizing how the scale of biotic and abiotic processes influence occupancy and abundance. For example, the effect of dispersal potential on ground squirrel occupancy was much stronger than on abundance, which provides support for accessibility acting at broader extents in animals as well as plants (e.g., Boulangeat et al. 2012, Miller and Holloway 2015) . However, the effect of soil texture was important across extents providing support for multiscale effects of abiotic factors. Finally, the effect of some biotic processes and human disturbance were strong for only ground squirrel abundance indicating that disturbance and biotic processes v www.esajournals.org HOLBROOK ET AL. operate at relatively local extents. These contrasts provide insight into the relative contribution of biotic and abiotic factors on ground squirrel populations, and contribute to the general understanding of multiscale effects of biotic and abiotic processes (e.g., Guisan and Thuiller 2005 , Soberón 2007 , McGill 2010 .
Effects of ecosystem stressors: The fire-cheatgrass cycle
Sagebrush ecosystems are threatened due to the fire-cheatgrass cycle, which characterizes the invasion of cheatgrass and associated changes in fire regimes. We predicted a negative effect of biological invasions and fire on ground squirrel occupancy and abundance, and expected ground squirrels to mediate the effects of the fire-cheatgrass cycle on badgers. We identified a strong negative effect of cheatgrass on ground squirrel abundance, but no effect on occupancy. Although ground squirrels consume cheatgrass, they prefer native bunchgrasses such as Sandberg bluegrass ).
Other studies have reported that areas dominated by cheatgrass support fewer ground squirrels (particularly during drought years; Yensen et al. 1992) , as well as other small mammals (Ostoja and Schupp 2009, Freeman et al. 2014) . The reduced abundance of ground squirrels in cheatgrass areas is likely mediated through nutritional demands. Similarly, we detected a strong negative effect of fire frequency over the last ~30 yr on abundance of ground squirrels. Fire frequency could directly affect ground squirrel populations through mortality, or indirectly through changes animal community composition (e.g., increased predator densities). It is more likely, however, that increases in fire frequency negatively influence ground squirrel abundance by converting native grasslands to cheatgrass-dominated grasslands (Davies et al. 2011 ). If this is true, then the role of fire may have reversed over time for ground squirrels. For example, we observed a strong negative effect of both shrubs and cheatgrass on ground squirrel abundance. Historically, fire presumably reduced shrub cover and promoted the cover of native grasses ultimately benefiting ground squirrels. Currently, although fire continues to reduce shrub cover, it now promotes the expansion of exotic annual grasses such as cheatgrass (Davies et al. 2011) , which negatively influences ground squirrels (Yensen et al. 1992, Fig. 5 and 6) . Continued increases in wildfire coupled with invasion by cheatgrass in sagebrush habitats (Abatzoglou and Kolden 2011) will likely have strong negative effects on the abundance of ground squirrels, other small mammals (Ostoja and Schupp 2009, Freeman et al. 2014) , and the predators that rely on them.
As predicted, we did not detect any direct effects of the fire-cheatgrass cycle on the occupancy of badgers. We did discover a strong positive effect of ground squirrel occupancy, and to a lesser degree abundance, on badger occupancy. Therefore, consistent with our hypotheses, we found an indirect effect of the fire-cheatgrass cycle on badgers via the mediator, ground squirrels. Although the effect size of ground squirrel occupancy was much stronger on badger occupancy compared to the abundance of ground squirrels, badgers and certainly other predators may still experience population-level consequences of the fire-cheatgrass cycle. By jointly assessing the effect of abiotic and biotic factors as well as ecosystem stressors on both predator and prey, we were able to develop a more complete understanding of how the fire-cheatgrass cycle directly and indirectly influences our system. Developing these links not only advances our understanding of how animal communities are being influenced by broad-scale changes (Agrawal et al. 2007 ), but also allows wildlife managers to develop more intricate and targeted management strategies.
Despite our detailed data on plant communities and animals at a broad spatial extent, temporal limitations remained. First, we collected data over 2 yr, both of which were a product of below average annual precipitation (i.e., 96 and 114 mm for 2012 and 2013). Sagebrush ecosystems can exhibit substantial inter-annual variability in precipitation, which directly and indirectly influences plant biomass and animal populations (e.g., Van Horne et al. 1997a , Bates et al. 2006 ). Sampling across a gradient of precipitation years and implementing an approach that extends our analyses by incorporating temporal dynamics would have improved our inferences. Second, we assessed occupancy of badgers during the spring to early summer. Additional work evaluating badger occupancy during the late summer v www.esajournals.org HOLBROOK ET AL. and winter could provide insight into prey switching, or the use of anthropogenic subsidies associated with agriculture. Indeed, extending the temporal period of sampling would provide a more complete evaluation of our hypotheses, however, it would also have significant logistical costs as well.
Implications
The sagebrush-steppe ecosystem is changing due to biological invasions and shifts in fire regimes (Abatzoglou and Kolden 2011, Davies et al. 2011 , Balch et al. 2013 . We assessed the influence of these stressors in the context of other ecological factors on the distribution and abundance of a predator and prey, both of which influence landscape heterogeneity. Cheatgrass invasion and increases in fire both had negative effects on abundance of ground squirrels. Land managers have been implementing strategies to reduce cheatgrass invasion in sagebrush landscapes, one of which is extensive reseeding treatments after fire. Our data suggest that successfully seeded areas have a strong positive effect on ground squirrel abundance (Fig. 6) relative to untreated or unsuccessfully treated areas and unburned sites. This is promising because many raptors rely on ground squirrels as prey (Marti et al. 1993) , and conserving the abundance and diversity of raptors is the overarching management objective on our study area. Additional research, however, would be useful to assess the fitness consequences of ground squirrels in different areas exhibiting different fire and treatment histories because our results might not be directly linked with fitness (Van Horne 1983). Moreover, our data indicate that the conservation of an apex predator, the badger, is largely associated with the conservation of ground squirrels. Indeed, it appears that implementing land management strategies to promote ground squirrels would likely have many secondary benefits to the animal community through the conservation of apex predators (e.g., Estes et al. 2011) .
Our work also has implications that are broader than our study ecosystem. Extending an approach similar to Boulangeat et al. (2012) into a terrestrial animal system, we have partitioned the relative influence of abiotic and biotic factors and ecosystem stressors on distribution and abundance. Characteristics such as dispersal potential, bottom-up forcing, climate, disturbance, and soil were strongly influential for our prey species. However, the distribution of prey species was the major driver for our predator species. This work provides additional insight and hypotheses to consider when modeling the distribution or abundance of prey or predator species across landscapes. For example, predator populations that specialize on a particular species (or group of species) might be indirectly influenced by abiotic or biotic factors (climate or disturbance) via their prey (e.g., Silva et al. 2013 , Harris et al. 2014 , Hebblewhite et al. 2014 ). This hypothesis, however, extends to similar situations with interacting competitors (e.g., Fisher et al. 2012) or mutualists. Therefore, reframing hypotheses in terms of how abiotic and biotic factors influence the distribution or abundance of those species with strong interspecific interactions is likely warranted. Moreover, our work advances the general understanding of how abiotic and biotic gradients drive species distribution and abundance (e.g., Guisan and Thuiller 2005 , Agrawal et al. 2007 , Soberón 2007 , McGill 2010 , Boulangeat et al. 2012 , which can be used to inform ecosystem conservation and management in the face of changing landscapes (e.g., Chen et al. 2011 , Newbold et al. 2015 .
